Luonnontieteiden ja metsätieteiden tiedekunta
and Mallard, 2011). PM pollutants are known to be harmful to human health (Pope III  50 and Dockery, 2006), but at higher exposure levels they can also be harmful to 51 vegetation and cause growth reduction (Grantz et al., 2003) . The most negative human 52 health effects have been linked to particles smaller than 2.5 µm (PM2.5) (Schwartz et al., 53 1996) . 54 55
The extent of particle deposition to the tree canopy is often defined by particle capture 56 efficiency (Cp); the percentage of particles deposited on leaf surfaces of those available 57 for deposition (Belot and Gauthier, 1975; Beckett et al., 2000) . Deposition velocity (Vg, 58 m s -1 or cm s -1 ) also describes the rate of deposition (Belot and Gauthier, 1975; Beckett 59 et al., 2000) . Recent studies on the Cp of coniferous and broadleaved tree species show 60 high variation that is dependent on wind speed, particle size and biological and physical 61
properties of the trees. The suggested mechanisms of particle deposition on leaf surfaces 62 depend mostly on particle size and their velocity (Hinds, 1999) . The most efficient 63 deposition mechanism for particles smaller than 0.5µm is Brownian diffusion (Hinds, 64 1999) . Particles larger than 0.5µm are mainly deposited by impaction, and interception 65 (Hinds, 1999) . Increasing wind velocity typically enhances particle deposition to leaf 66 surfaces, which is in line with the theory of the deposition mechanisms (Hinds, 1999 ; 67 (PM0.1) showed increasing levels of deposition to Pinus taeda and Juniperus chinensis 69 with decreasing particle size, as is expected when Brownian diffusion is the main 70 deposition mechanism (Hinds, 1999; Lin and Khlystov, 2012) . The orientation of 71 branches of coniferous species does not significantly affect the capturing efficiency of 72 PM2.5 or PM0.1 particles (Lin and Khlystov, 2012; Räsänen et al., 2012) . 73
74
Leaf anatomy can be a significant factor affecting particle deposition. For example, a 75 small leaf area and a high amount of structural wax (conifers) have been suggested to 76 increase particle deposition on leaf surfaces (Wedding et al., 1975; Burkhardt et al., 77 1995; Beckett et al., 2000) . Leaf hairs are obstacles to particles, similar to fibers of 78 filters, and thus efficiently increase particle deposition compared to flat surfaces 79 (Wedding et al., 1975; Little, 1977) . A higher Cp of drought-treated Picea abies was 80 connected to low stomatal transpiration and conductance (Räsänen et al., 2012) , but not 81 to stomatal density or wax layer condition, which were not affected by short-term 82 drought. The role of stomatal activity in particle deposition is ambiguous because 83 transpiration of water through stomata cools the surface and thus attracts fine particles, 84 but at the same time transpired water repels fine particles due to diffusiophoresis 85 (Burkhardt et al., 1995; Hinds, 1999 have not or have rarely been studied before. We have modified the method to calculate 104
Cp and Vg so that it takes total surface area into account (Räsänen et al. 2012 ) and thus 105 balances comparison of broadleaved and coniferous species. Furthermore, the influence 106 of several anatomical or physiological leaf characteristics on Cp were studied, e.g. 107 stomatal density, stoma diameter, stomatal conductance, transpiration, unit leaf area, 108 wettability (contact angle), abundance of trichomes and hairs. In order to study the 109 importance of these leaf characteristics, the data were analyzed in detail using 110 multivariate data analyses. Coniferous Scots pine (Pinus sylvestris) and three 111 broadleaved species: silver birch (Betula pendula), pubescent birch (Betula pubescens) 112 and common lime (Tilia vulgaris) were selected as test species due to their prevalence 113 in northern forests and built-up environments. Our previous study showed that moderate 114 soil drought increased the Cp of Norway spruce (Räsänen et al., 2012) and here the 115 effect of soil drought was further studied for the four additional species. To study the effect of soil moisture on particle capture efficiency, saplings were divided 146 into two watering treatments one week before the experiment started: well watered and 147 reduced water. Both groups consisted of 12 saplings per species except the common 148 lime groups, which included 10 saplings. Half of the saplings were used as controls and 149 underwent the same treatment, but with no particle exposure (see below). Soil moisture 150 was measured daily (ThetaProbe, Delta-T Devices Ltd., Cambridge, UK) with well 151 watered saplings watered when soil moisture decreased below a 40% limit and reduced 152 water treated watered when moisture went below a 10% limit (Table 1) . Saplings were 153 used in experiments one species at a time and all the groups (water treatments, particle 154 exposure/control) were represented similarly during certain times of the day. Saplings 155 were randomly picked for the test from the two watering treatment groups. were also used as controls without particle exposure. The wind tunnel system has been 164 described in more detail by Räsänen et al. (2012) were performed in LatentiX (www.latentix.com) and MATLAB 7.14. There is a total of 307 1.9% missing values in the data. This was mainly due to technical reasons. These 308 missing values were estimated by local PCAs on each tree species separately, prior to 309 any further analysis by PCA (or PLS). This is to make sure the missing value will not 310 negatively influence the lack of separation of the four tree-species studied in this 311 project. PCA was utilized to find species-specific leaf characteristics. Conductance and 312 transpiration measured after the experiment were omitted from the PCA because of the 313 high correlation with the same variables measured at the beginning of the experiment. A 314 PLS (Partial Least Squares) model was built on the original data to investigate which 315 variables have an effect on Cptot of the tree species. The PLS model was validated by a 316 segmented cross-validation, where 12 segments were used, and the segmentation was 317 done by Venetian blinds in accordance with the Cptot values, in order to minimize 318 extrapolation for all of the segments. Thus it was possible to plot the final regression 319 coefficients with their corresponding uncertainties according to the Jack-knife scheme 320 (Efron, 1982; Martens and Martens, 2000) . 321 322
Results and discussion 323 324
Particle deposition and species differences in leaf characteristics 325
326
Coniferous Scots pine showed the highest particle capture efficiency of the tested tree 327 species with a Cptot significantly greater than the broadleaved species (Fig. 1) . This is in Pubescent birch was the most efficient particle collector of the broadleaved species 331 (statistically indicative) whereas the Cptots of silver birch and lime were similar (Fig. 1) . 332
The Cptot values of Scots pine were in the upper range compared to other coniferous 333 species ( Table 2 ). The broadleaved species in this study were in the mid-range of the 334 previously reported values at a similar wind velocity (Table 2 ). In terms of Vgtot our 335 results were in line with previous studies ( The studied tree species clustered clearly to species specific groups when plotted in 341 PCA (Fig. 2a. A PCA loading plot (Fig. 2b) of the measured variables (Tables 3 and 4)  342 shows the characteristics that these clusters have. Scots pine was described by a waxy, 343 non-wettable surface (high contact angle) on the convex side of the needle whereas 344 stomatal conductance and transpiration were low (Fig. 2b ) and there were no trichomes 345 (Fig. 3j-l) . It should also be noted that the unit leaf area of the Scots pine was 20 to 40 346 times smaller than the broadleaved species (Table 3) and Cptot was 2 to 5 times higher 347 (Fig. 1) (Fig. 2b and Fig 3d, e)  350 and also high stomatal conductance and transpiration (Fig. 2b) . Pubescent birch was the 351 most hairy for both lower and upper sides of the leaf (Fig. 2b, 3a, b) , had the widest 352 stomata (Fig. 2b, 3 c) and low stomatal density (Fig. 2b) . Lime was described by large 353 unit leaf area, small stomata, high stomatal density and low amount of hairs ( Fig. 2b and 354 Fig. 3g-i) . For the broadleaved trees, pubescent birch and silver birch had two times 355 smaller leaves than lime (Table 3) , but this did not reflect in the Cptots (Fig. 1) . Trees' 356 single-sided leaf area versus ground surface area, referred to as leaf area index (LAI, m 2 357 m -2 ), have been reported to range from 3 to over 10 for coniferous species and from 4 to 358 7 for broadleaved species. This further emphasizes the importance of evergreen 359 coniferous species in particle capture (Gower and Norman, 1991; Bréda, 2003) , both as 360 forest trees and when planted in built-up areas. 361 362 Fine particles (Fig. 3 j-l) were equally as common on Scots pine and silver birch 363 stomata. In both species, the numbers of particles on stomata were significantly higher 364 (p < 0.05, ANOVA, Dunnett T3) than on the stomata of pubescent birch and lime, 365 which had almost no particles (Table 3) . Thus, equal amounts of particles were found 366 on the stomata of the trees with the highest (Scots pine) and lowest (silver birch) Cptot, 367 which indicates that factors other than stomatal conductance and transpiration have an 368 important effect on particle deposition on the stoma area. 369
370
Characteristics that have effects on fine particle capture efficiency of the tested trees 371
were investigated in more detail with a PLS model (r = 0.71, Root-Mean-Squared-372
Error-of-Cross-Validation (RMSECV) = 0.057) built with the measured variables. The 373 model, with all species included, indicated that small unit leaf area and low stomatal 374 density increases Cptot (data not shown). The result is explained by superior particle 375 capture efficiency of Scots pine, which had small unit leaf area. Scots pine was also 376 described by a waxy surface (Fig. 3 k, l) and low stomatal conductance and 377 transpiration, all of which have been suggested to increase particle capture (Beckett et (Fig. 4) . Hairs have been suggested to explain particle 385 deposition efficiency of certain species (Little, 1977 with low amounts of trichomes on both sides of the leaf and low stomatal density (Fig.  389   4) . The negative effect of trichomes on Cptot can be due to the fact that the species 390 having low amounts of trichomes tend to be efficient at particle capture due to other 391 variables (e.g hairs, Table 3 ). Furthermore, the smooth structure of trichomes is not 392 likely to enhance particle capture. Low wettability of the leaf surface (large contact 393 angle) can also increase particle deposition on broadleaved trees, similar to the situation 394 with waxy coniferous species (Burkhardt et al., 1995) . Other surface characteristics, 395 such as hairs, can also affect contact angles. 396 397 Cptot increased with low stomatal density and high stomatal conductance, which 398
indicates that the activity of stomata increases particle deposition on broadleaved 399 species. This is opposed to findings with coniferous species where particle deposition 400 decreased with increasing transpiration (Räsänen et al., 2012) . The markedly higher 401 activity of broadleaf stomata can also make particles more deliquescent, which can 402 increase deposition rate (Burkhardt et al., 2001 ). Transpiration of water through stomata 403 cools the surface and can also increase fine particle deposition by thermophoresis 404 (Hinds, 1999) . The remaining variables, leaf area, contact angle upper side and soil 405 moisture (see Fig. 4 ) had non-significant contributions to the regression model. 406
407
Effects of reduced water availability 408
409
Our earlier study with Norway spruce demonstrated that moderate soil drought stress 410 increased particle collection efficiency (Räsänen et al., 2012 ) and a similar trend can 411 also be seen here with Scots pine (Fig. 1) . However, in broadleaved species the Cptot did 412 not respond to reduced water availability. PCA did not reveal any effects of reduced 413 water availability on leaf structure or stomatal functioning when species were separated 414 (Fig. 2a) . However, when the effects of watering treatment were studied in more detail, 415 a few differences were noted. Lowered water availability reduced the unit leaf area 416 (ULA) of silver birch and pubescent birch. ULA (± SE) were 47.4 ± 3.4 cm 2 and 34.3 ± 417 2.8 cm 2 for silver birch control and drought treated saplings, respectively, and 54.1 ± 418 3.6 cm 2 and 39.9 ± 1.4 cm 2 for pubescent birch control and drought treated saplings 419 respectively. The differences were statistically significant for both silver birch and 420 pubescent birch (p = 0.014 and p = 0.004, respectively, Independent Samples T-test). 421
Moreover, stomatal conductance and transpiration of Scots pine was 66% and 60% 422 higher, respectively, in well watered saplings compared to their drought treated 423 counterparts (Table 4) . A trend was observed for a greater Cptot of drought treated Scots 424 pine saplings compared to well watered ones. Differences in the wax layer can alter 425 particle deposition on surfaces of conifer needles (Burkhardt et al., 1995) , but this was 426 not seen in our study of Scots pine, with similarly shaped waxes (median values of 2, 427 range 1-2) on plants subjected to both watering treatments (p>0.05, Wilcoxon). 428
Stomatal conductance of the drought-treated Scots pine, silver birch and lime and 429 transpiration of drought-treated Scots pine decreased during the test run ( 
